Class 2 aminoacyl-tRNA synthetases, which include the enzymes for alanine, aspartlc acid, asparagine, glycine, histidlne, lysine, phenylalanine, prollne, serine and threonine, are characterised by three distinct sequence motifs 1,2 and 3 (reference 1). The structural and evolutionary relatedness of these ten enzymes are examined using alignments of primary sequences from prokaryotlc and eukaryotic sources and the known three dimensional structure of seryl-tRNA synthetase from E. coll. It is shown that motif 1 forms part of the dimer interface of seryl-tRNA synthetase and motifs 2 and 3 part of the putative active site. It Is further shown that the seven a 2 dimeric synthetases can be subdivided into class 2a (proline, threonine, histidine and serine) and class 2b (aspartlc acid, asparagine and lysine), each subclass sharing several important characteristic sequence motifs in addition to those characteristic of class 2 enzymes in general. The a^2 tetrameric enzymes (for glycine and phenylalanine) show certain special features In common as well as some of the class 2b motifs. In the alanyl-tRNA synthetase only motif 3 and possibly motif 2 can be identified. The sequence alignments suggest that the catalytic domain of other class 2 synthetases should resemble the antiparallel domain found In seryl-tRNA synthetase. Predictions are made about the sequence location of certain important helices and jS-strands In this domain as well as suggestions concerning which residues are important in ATP and amino acid binding. Strong homologies are found in the N-terminal extensions of class 2b synthetases and in the Cterminal extensions of class 2a synthetases suggesting that these putative tRNA binding domains have been added at a later stage In evolution to the catalytic domain.
INTRODUCTION
The aminoacyl-tRNA synthetases play a crucial role in protein biosynthesis by specifically charging tRNAs with their cognate amino acids. Primary structures of enzymes for all twenty amino acids are now available and recent publications (1) (2) (3) have demonstrated conclusively that these enzymes may be partitioned into two quite distinct groups, each containing ten members. One group, designated class 1, contains the enzymes for cysteine, methionine, valine, isoleucine, leucine, arginine, glutamine, glutamic acid, tyrosine and tryptophan and is characterised by two primary structural motifs, H-I-G-H and K-M-S-K-S (3) (4) (5) . High resolution X-ray structures of three class 1 synthetases are known, those of the tyrosyl-, methionyl-and glutaminyl-enzymes (6) (7) (8) , the last in a complex with its cognate tRNA. These all contain a Rossmann nucleotide-binding fold (9) in the catalytic domain comprising parallel /3-strands and connecting helices, with both the H-I-G-H and K-M-S-K-S motifs close to the ATP binding site.
The second group is characterised by three quite different sequence motifs 1, 2 and 3 which have been identified in the aminoacyl-tRNA synthetases for aspartic acid, asparagine, histidine, lysine, phenylalanine, proline, serine and threonine (see Table 2 and reference 1). The alanyl-and glycyl-enzymes apparently contain only motif 3 (1) . The only X-ray crystal structure of a class 2 synthetase that has been determined is that of seryl-tRNA synthetase from Escherichia coli (SRSEC*) which is an a 2 dimeric enzyme, each subunit having 430 residues (2) . This structure has a C-terminal catalytic domain of 330 residues based around a seven-stranded antiparallel /3-sheet ( Figure 1 ) which is quite different from the Rossmann nucleotide binding fold. The N-terminal 100 residues form a remarkable solventexposed arm comprising a 60A long antiparallel coiled-coil. The cave-like active site is lined by a section of the /?-sheet and rimmed by loops ( Figure 2) ; in particularly there is a disordered loop, part of motif 2, which appears to form a flexible flap over the active site. The two universally conserved arginines in motifs 2 and 3 and second conserved basic residue (R/H) in motif 2 all protrude into the active site cave suggesting their extreme functional importance. In this enzyme motif 1 forms part of the dimer interface and this is consistent with the fact that all class 2 synthetases that possess motif 1 are a 2 dimers. It is suggested below that phenylalanyl-tRNA synthetase which is in fact an CX2P2 tetramer does not actually possess motif 1 as originally proposed in reference 1.
These observations lead to the proposition that the major structural difference between the two classes of aminoacyl-tRNA synthetases is that the catalytic domain of class 1 enzymes is based on a Rossmann fold whereas that of class 2 enzymes is based on an anti-parallel fold. Furthermore it has been proposed (1) that this difference might reflect a difference in enzymatic
The aminoacyl-tRNA synthetase for amino acid X from organism Y.z. is referred to as XRSYZ. reaction; class 1 synthetases preferentially aminoacylate the 2' OH of the ribose of the tRNA 3' terminal adenosine and class 2 synthetases the 3' OH, although there are exceptions to this rule (10, 11) . On the other hand, judging by the four known crystal structures, the tRNA binding domains of aminoacyl-tRNA synthetases seem to be more idiosyncratic for each enzyme.
The purpose of this paper is to examine in more detail the sequence alignments of class 2 aminoacyl-tRNA synthetases in the light of the known three-dimensional structure of seryl-tRNA synthetase with the aim of (a) defining the extent of structural homology betweeen class 2 synthetases and hence the nature of the new anti-parallel ATP-binding fold (b) locating functional domains and active site residues (c) permitting transfer of structure/function relationships from one synthetase to another and (d) defining the evolutionary relationship between the class 2 synthetases.
The results indicate the importance of careful visual, multiple sequence alignment of other synthetases with the SRSEC sequence/secondary-structure after first comparing the same synthetase from different organisms. This first step enables important conserved motifs to be located and also indicates regions where gaps and deletions are permissible. The synthetases are clearly a favourable case for this strategy because of the overall low homology, even inter-species for the same amino acid. However the fact that the synthetases are enzymes with similar activities and are presumably evolutionary related, allows one to infer with more confidence structural and functional homology from what may appear to be statistically marginal sequence homologies, provided that there is also topological equivalence.
An alignment of all known aspartyl-tRNA synthetases and of the aspartyl-, asparaginyl-and lysyl-tRNA synthetases from E. coli has been given previously (12) , and of the seryl-, threonyland prolyl-enzymes from E. coli (1) , but in the absence of any structural interpretation. These alignments differ in several details from those presented here.
METHODS
As a starting point, the alignments given in reference 1 were reexamined in the light of the known three-dimensional structure of SRSEC shown diagrammatically in Figure 1 .
The crucial observation was that despite the low overall sequence homology between seryl-tRNA synthetase from E. coli (SRSEQ and from Saccharomyces cerevisiae (SRSSC) (29% identity i.e. 126/430 residues in SRSEC), when the SRSSC sequence is placed in the SRSEC structure, of the 23 mostly hydrophilic residues which line the active site (Figure 2 and marked * in Table 2 ), nineteen are identical and three have conservative changes. Apart from those in motif 2 03-strand A6, loop L2 and ^-strand A7) and motif 3 (^-strand A5 and the helix HI2), this highlighted the importance of fully conserved motifs in /3-strands A4 (S-C-S-N) and A3 (Y-D-L-E) as well as conserved residues in the loops between strands /3A2 and /3A3, between helix H8 and strand /3B3 and between strand /3B2 and helix H9 (see Figure 1 and Table 2 ).
This led to the hypothesis that analagous active-site elements might be identified in other class 2 synthetases as corresponding to conserved motifs between the prokaryotic and eukaryotic enzymes. Amino acid sequences of prokaryotic and eukaryotic class 2 synthetases (except for proline and glycine for which only the E. coli enzyme sequences are known) were therefore aligned with the aid of the program BESTFTT and visual inspection. Multiple alignments were then made by visual inspection, starting from the well-defined motifs 1, 2 and 3 of reference 1 and taking into account the known structure of SRSEC. Location of figure) . The location of the three sequence motifs, characteristic of class 2 aminoacylHRNA synthetases and defined in reference 1, are indicated. In this paper it is proposed that at least strands 0A3 and 0A4 and helices H7 and H10 are also common to the seven dimeric class 2 synthetases. Figure drawn by E. DiCapua.
interspecies conserved motifs preceeding motif 3 enabled assignments of putative /3-strands A4 and A3 in all class 2 synthetases except alanyl-tRNA synthetase. Further examination showed that other secondary structural features occurring in SRSEC (especially helices H7 and H10) are also probably conserved in all dimeric class 2 synthetases.
For simplicity, not all known aminoacyl-tRNA synthetase sequences are presented in Table 2 . Many excluded are highly homologous to those in the table e.g. the recently determined sequences of two threonyl-tRNA synthetases from Bacillus subtilis (13) are homologous to the E. coli enzyme; the histidylenzyme from hamster is very homologous to the human enzyme (14) and the two distinct lysyl-tRNA synthetases in E. coli (encoded by the genes lysS and lysU) are 88% identical (15) . On the otherhand, in the case of the histidyl-and aspartyl-tRNA synthetases, three sequences are included, as in each case, the E. coli enzyme shows lower than usual homology with the yeast enzyme (see discussion). Yeast mitochondria] synthetase sequences are known for the threonyl-(16), histidyl-(17), aspartyl-(18), phenylalanyl-(19) and lysyl-tRNA synthetases (20) . These sequences often exhibit additional insertions and deletions as well as overall lower identity compared to cytoplasmic or bacterial sequences for the same amino acid, sometimes making alignment less certain. They are not included here for simplicity (except in Tables 3a and 3b), although it has been verified that motifs claimed to be important for a particular synthetase are also identifiable in the mitochondrial synthetase sequence. The eukaryotic alanyl-tRNA synthetase sequence is from Bombyx mori (ARSBM, reference 21), which is a monomer whereas the E. coli enzyme is a homo-tetramer. In the case of asparaginyl-tRNA synthetase, the eukaryotic sequence used is that of an antigenic protein (22) from the nematode Brugia malayi (designated ANTBM). This protein has not been shown to be an asparaginyltRNA synthetase, but has high homology with the E.coli asparaginyl-enzyme (reference 1) except that the published sequence for ANTBM shows no apparent motif 2. However an alternative reading frame over residues 315-330 (marked ANTBM*) in Table 2 , would give a perfect motif 2. We suggest that there maybe a frameshift sequencing error but this has not been confirmed.
RESULTS
The results of the sequence alignments are shown in Table 1 which summarises the secondary structural elements predicted to be found in the different class 2 synthetases with reference to that of seryl-tRNA synthetase (SRSEC). The results suggest that class 2 synthetases can be subdivided into class 2a comprising the enzymes for serine, threonine, proline and histidine which must have structures very similar to the known 3-D fold of SRSEC, and class 2b comprising those for aspartic acid, asparagine and lysine, which have fewer structural features in common with SRSEC. Phenylalanyl-tRNA synthetases 09-subunits) and glycyl-tRNA synthetases (a-subunits) are related to class 2b. The inclusion of the histidyl-tRNA synthetases in class 2a follows from the details of the alignment, the similar sequence topology particularly compared to PRSEC and the considerable homology in the C-terminal extension with the prolyl-and threonyl-enzymes (see below and Table 3a ). , showing all residues exposed in the putative active site (marked by a * in Table 2 ). These residues are strongly conserved between the E. coli and S. cerevisiae enzymes. View direction is similar to that of Table 1 . Predicted secondary structural elements of class 2 aminoacyl-tRNA synthetascs with reference to those of seryl-tRNA synthetase from E. coli. Each element is scored with a + (certain or almost certain), a ? (possible) or a-(probably not or cannot be identified). The table is based on the sequence alignments in Table 2 The detailed sequence comparisons with reference to the secondary structure of SRSEC, upon which Table 1 is based, are presented in Table 2 . This table should not be read to imply sequence or structural homology with SRSEC throughout the alignments; certain places where there is clearly no homology are indicated (see caption to Table 2 ). Important features of the alignment will now be discussed sequentially with particular emphasis on those regions where the structural homology with SRSEC appears sure and those where it is uncertain. The following symbols are used for certain amino acid types: small residues X = (C, S, T, P, A, G), hydrophobic residues <t> = |M, I, L, V, F, Wj.
Motif 1-the dimer interface
The alignments show that much of the dimer interface including the interface helix H7 and strand j3A8 and possibly strand /3A9*, can be found in all members of class 2a and 2b. The amphiphilic interface helix is characterised by conserved patterns of hydrophobic and basic residues (the latter most strongly in class 2b) and terminates with a strongly conserved glycine (followered by a tyrosine in class 2a and a phenylalanine in class 2b). Motif 1 should thus be extended from its original definition to include all of the interface helix. This makes it unlikely that the phenylalanyl-tRNA synthetases /3-subunits actually possess motif 1 as originally proposed (reference 1); the interface helix terminated by a glycine is certainly not present. This may be related to the <X2/3 2 quartenary structure of the phenylalanyltRNA synthetase whereas the other members of class 2a and 2b are all a 2 dimers.
The region of strand /3B2 and helix H9 contains two residues, Thr-237 and Glu-239 of the putative active site of SRSEC conserved in the yeast seryl-enzyme and in PRSEC and HRSEC. In general, both class 2a and class 2b synthetases have specific conserved sequence motifs in this region (for example Q-S-P-Q, S-F-L-T and R-I-A-P-E-L in the aspartyl-, asparaginyl-and lysyl-enzymes respectively). The lack of strong homology means that the nature of the secondary structure cannot be predicted for class 2b. However the alignment of the active site residues T-X-E found in several class 2a synthetases with the residues S-X-Q in two class 2b synthetases is suggestive. It is doubtful whether the phenylalanyl-tRNA synthetases fit with class 2b in this region.
Motif 2
Motif 2, which includes strand 0A7, the variable active site loop and strand /3A6 and is clearly present in all members of class 2a and 2b as well as the /3-subunit of phenylalanyl-tRNA synthetases. We have also identified for the first time a putative motif 2 in the alanyl-tRNA synthetases, but not in the glycyltRNA synthetase. In SRSEC the variable loop, given its position and the fact that it is disordered in the absence of substrates, maybe involved in interaction with and recognition of the tRNA acceptor stem, known to contain important seryl-identity elements. There are however clear differences between class 2a and 2b. The former tend to have longer variable loops and characteristically different motifs after the loop. These differences in detail reinforce the assignments of histidyl-tRNA synthetases to class 2a and phenylalanyl-tRNA synthetases to class 2b, the latter being most closely homologous to the lysyl-tRNA synthetases.
Crossover helix HIO The amphiphilic crossover helix HIO, which connects strands (3A6 and /3A2 in SRSEC, is apparently conserved in class 2a synthetases with a characteristic heptad repeat of hydrophobic residues and terminating with a strongly conserved 4>-G-if>. The occurrence of an analagous helix immediately following motif 2 is also probable in class 2b synthetases (see table 2) although with the hydrophobic residues differently phased to class 2a synthetases.
Insertion between strands /3A2 and /3A3
In SRSEC the crossover helix HIO and the strands 0A2, j3A3 and j3A4 succeed each other separated by only short loops. This is consistent with the fact that the seryl-tRNA synthetases have the minimal distance of about 80 residues (apart from the phenylalanyl-tRNA synthetases) between motifs 2 and 3 (reference 1). Other class 2 synthetases have sequences of very variable length (e.g. up to 175 residues in the case of PRSEC) and low homology between the putative crossover helix and strands j3A3. It is thus difficult to identify strand /3A2 in class 2b synthetases. However there is a motif in most class 2b synthetases D-4>-X-X-X-X-E-K/R-X-<£-\ which is strikingly similar to a conserved motif in the threonyl-tRNA synthetases. The following symbols are used:
H5: designation of secondary structural element in SRSEC ( Figure 1 and Reference 2). a:
or-helix 0:
0-strand *: residue exposed in the putative active site of SRSEC (in row between SRSEC and SRSSQ. Bold: residues are given bold-type if they are conserved (according to modified Dayhoff class, see below) in at least three synthetases in class 2a or two synthetases in class 2b. Boxes:
used to draw attention to motifs conserved between the same synthetase from different organisms and referred to in the text. # # # #: indicates absence of apparent homology between class 2a and class 2b.
TtT>:
indicates possible homology between class 2a and class 2b. Italics:
indicates absence of apparent homology for a particular synthetase.
Modified Dayhoff classes means the following classification: This may be used to give a possible alignment of the class 2a and class 2b in this region. Just preceeding putative strand /3A3, there is a well conserved motif found in the asparaginyl-and eukaryotic aspartyl-tRNA synthetases (F/Y-P-X-D/E-I/V-R/K-P/A-F-Y) part of which is possibly also present in the lysyl-and phenylalynyl-tRNA synthetases.
Strands /SA3 and /3A4 In SRSEC, strands (1 A3 and /3A4 contain several residues (conserved in SRSSC) that are exposed in the putative active site. Similarly, groups of synthetase specific conserved motifs in fairly close proximity are found in all other class 2a and 2b synthetases (including the phenylalanyl-and glycyl-tRNA synthetases) which are also tentatively assigned to strands /3A3 and /3A4. These regions are characterised by the frequent occurrence of small residues (G, A, C, S, T). Within class 2a, the assignment of strand /3A3 is largely determined by the presence of a strongly conserved X-X-X-X-X-Y motif and that of strand /3A4 by the conserved features at the end of strand 0A4 and beginning of helix HI 1 (which contains a conserved basic residue). In SRSEC the conserved Tyr-340 in strand (3A3 burrows through the protein away from the active site as does Lys-338. These two residues hydrogen bond with Glu-306 (also conserved between SRSEC and SRSSC) in the crossover helix H10. PRSEC may share this feature.
In class 2b, strand /SA3 is tentatively aligned on a conserved acidic residue and strand /3A4 has the consensus E-<t>-<t>-\-\. The E.coli glycyl-and phenylalanyl-tRNA synthetases are clearly homologous in this region. The relative alignment between class 2a and class 2b is uncertain. The loop between putative strands /3A3 and /3A4 is rather variable even between the same synthetase from different organisms.
The structural motif comprising strands bC2 and bC3 and the intervening loop which is solvent exposed and poorly ordered in SRSEC is apparently conserved in the threonyl-tRNA synthetases and PRSEC, but not in histidyl-tRNA synthetases. In class 2b there is a corresponding but non-homologous insertion of about 20 residues in the aspartyl-and asparaginyl-and lysyltRNA synthetases, but not in the phenylalanyl-tRNA synthetases.
Motif 3 and Helix H12
Motif 3, comprising strand (3A5 and helix H12, is found in all ten class 2 synthetases and here again there are characteristic differences between the subclasses. The first part of motif 3 is much more glycine and proline-rich in class 2b (consensus sequence Y-G-X-P-P-H-X-G-</>-G-<£-G) than 2a. Class 2b has a highly conserved methionine three residues after the universally conserved arginine in helix H12 and a consensus motif N-</>-R-D/E-^-X-X-F/Y-P-R/K after helix HI2. Class 2a has different motifs at the end of helix H12 followered by <j>-P-X-<t>-4>-X-P in the seryl-, threonyl-and prolyl-enzymes. These distinctions suggest that GRSEC (a-subunit) has a motif 3 derived from class 2b and that the alanyl-tRNA synthetases are most closely related to the histidyl-tRNA synthetases in class 2a.
In SRSEC, helix H12 is almost completely buried, hence its largely hydrophobic nature (conserved in other synthetases) apart from two long side chains with charged groups that can reach the protein surface (in particular the active site residue arg-397).
The motifs after helix H12 (E-N-Y-Q and V-P-E-V-L-R-X-Y)
are well away from the active site and the presumed tRNA binding domain. Their conservation in the seryl-tRNA synthetases therefore may imply functional interactions with another molecule. In this connection we note an intriguing homology in this region between SRSEC and the gene product of Selb, two proteins that both involved in the co-translational incorporation of selenocysteine into certain enzymes. The Selb gene product is the particular elongation factor that specifically recognises selenocysteinyl-tRNA 50 ' 0^ which is produced by charging tRNA^0^ with serine by SRSEC and subsequent conversion of the bound serine to selenocysteine (23,24). The Selb gene product contains in the presumed nucleotide binding domain (by analogy with the elongation factor, EF-Tu) the sequence 129-V-K-E-V-L-R-P-Y which has 6/8 residues in common with the second Cterminal motif found in SRSEC and SRSSC.
The alignments described above reveals certain motifs conserved in at least two of the three members of class 2b but absent in class 2a. This includes the motifs after helix H12 mentioned above as well as the consensus motif E/D-X-R-L/Y-X-X-R-X>-D-L-R just before the interface helix H7; E-X-X-X just after motif 1; D-<£-X-X-X-X-E-K/R-X-4> after the crossover helix H10 and F/Y-P-X-D/E-I/V-R/K-P/A-F-Y before motif 3. These are likely to imply conserved structural and/or functional features.
DISCUSSION
The sequence comparisons of the putative catalytic domain of class 2 aminoacyl-tRNA synthetases presented above demonstrates that the a 2 dimeric enzymes can be subdivided into a closely related sub-class 2a comprising the seryl-, threonyl-, prolyl-and histidyl-tRNA synthetases and a second sub-class 2b comprising the aspartyl-, asparaginyl-and lysyl-tRNA synthetases. This subdivision is further confirmed on consideration of the N-and C-terminal extensions to the catalytic domain (see below). The tetrameric class 2 synthetases can also be assigned on the basis of more limited homology, alanyl-tRNA synthetase is related to class 2a and the phenylalanyl-tRNA synthetases (j3-subunits) and GRSEC (a-subunit) to class 2b. Shaded arginines 583 and 612 in TRSEC indicate sites where mutagenesis causes loss of autoregulatory activity and reduction of affinity for tRNA (30) . Boxed motif 608-V-R-T-R-R in TRSEC is found also in N-terminal extension of NRSEC (residues 26-30, see Table 3b and text).
(3b) Alignment of N-terminal extensions to the putative catalytic domain in class 2b synthetases. 
LSS-GQKI VLNGWI EQKPKRVGKNLI FGLLRDSNGD-• I I QLVDNKSLLKG
See caption to Table 3a and text. Table 1 summarises the secondary structural elements predicted to be found in the different synthetases with reference to that of SRSEC. The three other members of class 2a must have very high structural homology to SRSEC. For instance the threonyltRNA synthetases are predicted to possess 7/7 of the antiparallel 0-strands found in SRSEC and PRSEC and the histidyl-tRNA synthetases 6/7. All class 2a members are predicted to possess the same major secondary structural elements of the dimer interface and the crossover helix H10. Class 2b members would appear to have more limited structural homology with SRSEC, it being only possible to identify 5/7 antiparallel /3-strands, the crossover helix and the dimer interface. Of course as is often found to be the case, the structural homology may well exceed the apparent sequence homology. The )3-subunit of the phenylalanyl-tRNA synthetases are also predicted to possess 5/7 /3-strands but not the dimer interface. There is a convincing homology between the small (a) subunit of GRSEC and the small (b) subunit of FRSEC in the region of putative strands /3A3 and /3A4 in addition to motif 3. In the case of the alanyl-tRNA synthetases, despite the presence of a number of conserved motifs between the enzymes from E. coli and Bombyx mori (21) , only motif 3 and possibly motif 2 can be identified (although the otherwise universally conserved arginine in motif 2 becomes a histidine, see Table 2 ). The clear absence of a canonical motif 1 preceeding this putative motif 2 in alanyl-tRNA synthetases is consistent with the fact that the Bombyx mori enzyme is a monomer, and the oligomeristion domain of the E. coli enzyme is known to be in the C-terminal region. Further analysis of the glycyl-tRNA synthetases will require sequences from other organisms than just E. coli.
(a) Active site. The arguments given above suggest strongly that all class 2 synthetases have a closely similar active site topology to SRSEC. Apart from the universally conserved residues in motifs 2 and 3 (which are found on strands j3A5, /3A6 and /3A7) it can be predicted that there are also important active site residues on the two strands /3A3 and /3A4. As these are not conserved between synthetases for different amino acids but are conserved between the same synthetase from different organisms, these may be involved in amino acid binding specificity. This suggestion is supported by the geometry of the active site (Figure 2) . This is such that all universally conserved residues from motif 2 and motif 3 (e.g. Arg-268, Glu-270, Arg-283, Phe-287, Glu-291, Arg-397) are concentrated on the left side of the putative site (viewed as in Figure 2) . These residues might then form a conserved binding site for the ATP and 3' end of the tRNA with the significant concentration of positively charged residues in the vicinity (in addition to those mentioned above, SRSEC also has Arg-279 and Lys-289) being involved in phosphate interactions and in the catalytic mechanism (25) . More to the right of the putative active site are the synthetase specific conserved residues of strands j3A5, /3A4 and /3A3 which may form the amino acid binding site. Interestingly there are no basic residues on this side of the active site in SRSEC, but many with hydrogen bonding capability. These observations lead one to expect the aminoacyladenylate to lie across the active site from left to right, with the adenosine to the extreme left and the amino acid to the right. One piece of evidence lend supports to this proposition. A tightly bound detergent molecule from the crystallization medium is found at the left of the active site (2, 26) . The rather well defined shape of the electron density leads to the suggestion that the molecule might be a derivative of hexyl-ribofuranoside (the detergent used in the crystallization is known to be an highly impure preparation of octyl-glucoside, reference 2). The putative hexyl-chain of this molecule is buried in the protein to the left of the active site and the sugar moiety is between helix H12 and the strand 281 -284. This corresponds closely to the proposed position for the adenine and ribose moietes of the ATP.
We note that site-directed mutagenesis of Tyr-426 in NRSEC which is located at the beginning of motif 3 has shown that this residue has an important role in determining the kinetic parameters for ATP binding (27) .
(b) Dimer interface. The dimer interface can be identified in all seven class 2 synthetases that are a 2 dimers. As described for SRSEC (2) , this involves short /3-strands A8 and A9* which extend the major antiparallel /3-sheet across the dimer interface as well as the 'interface' helix H7. In SRSEC, helix H7 is perpendicular to the dimer axis and interacts with its antiparallel symmetry related partner with a relatively large interhelical separation of 12.5A. The interactions are hydrophilic, via complementary charged residues and water molecules. The frequent occurrence of long hydrophilic and/or charged residues (glutamine, glutamate, arginine and lysine) in the putative interface helices would suggest that very similar interactions occur in the other a 2 synthetases.
The strong conservation of the dimer interface between all dimeric class 2 synthetases suggests that there maybe important functional interactions between the two subunits or that there may be cross-subunit tRNA binding. In this respect we note that the partially disordered loop LI in the SRSEC structure crosses over from one monomer towards the active site of the second monomer and forms and inter-monomer /3-sheet around the two-fold axis (2) . The sequence alignments suggest that this structure is conserved in class 2a synthetases.
(c) tRNA binding domains. Putative tRNA binding and/or recognition domains can be identified as insertions within or Nor C-terminal extensions to the main framework of the catalytic domain or, in the case of the phenylalanyl-and glycyl-tRNA synthetases, additional subunits. In addition, eukaryotic synthetases often have extra often highly basic extensions compared with the corresponding prokaryotic sequences; it has been speculated that these promote compartmentalization of synthetases (28) .
In SRSEC the 60A long N-terminal antiparallel coiled-coil domain (residues 1 -100) is presumed to be involved in tRNA binding (2) . It is interesting to speculate whether any other synthetase could have such a domain as SRSEC. The two very long a-helices H3 and H4 in SRSEC are characterised by 4-3 repeats of hydrophobic residues (including arginine, alanine and threonine) and a very high proportion (39%) of charged residues. An alignment of SRSEC and TRSEC shows that significant homology exists (1) in the region of the first long helix H3 and possibly for the return helix H4 although in TRSEC the latter would be slightly shorter and kinked due to the occurrence of a proline (P-170) in the middle. The 4-3 pattern of hydrophobic residues (including arginine, lysine, alanine and threonine) is however largely conserved as well as the high content of charged residues (45% in TRSEC).
In class 2a, PRSEC and the histidyl-tRNA synthetases do not possess an N-terminal extension, but instead have substantial inserts between strands /3A2 and /3A3. There is no obvious homology between the insertions of these two synthetases. They also have a C-terminal extension of about 100 residues as do the threonyl-tRNA synthetases. Table 3a shows that there are several strongly conserved regions amongst the three class 2a synthetases with C-terminal extensions (threonyl-, prolyl-and histidylenzymes). This is further support for the inclusion of the histidyltRNA synthetases in class 2a. All these extra domains may be involved with tRNA binding and in the case of threonyl-tRNA synthetases, with translational auto-regulation (29) (30) (31) . Two arginines (Arg-583 and Arg-612), whose mutation causes a significant decrease in the affinity for tRNA and a loss of autoregulation activity of E.coli threonyl-tRNA synthetase are shown shaded in Table 3a .
There is a remarkable homology in the N-terminal putative tRNA binding region of all three class 2b synthetases (Table 3b) . Over a region of about 30 residues, there are five fully conserved residues and a significant concentration of basic residues. Class 2b synthetases show very variable length insertions between the crossover helix H10 and putative strand /3A3 and only short or non-existant C-terminal extensions to the catalytic domain.
There are two occurrences of cross sub-class homologies in the putative tRNA binding regions, which however should be treated with caution as they occur in topologically inequivalent positions. The first is a five residue motif V-R-T-R-R found at the C-terminal of TRSEC and the N-terminal of NRSEC, both in conserved regions (boxed in Tables 3a and 3b ). Secondly, there is nine residue identical peptide found in the middle of the long helix H4 in SRSEC as well as in an N-terminal alanine-rich region of FRSEC/3 (32) . We recall also that in the catalytic domain the class 2b motif after the crossover helix (D-4>-X-X-X-X-E-K/R-X-<H) is also found in the threonyl-tRNA synthetases (boxed in Table 2 ).
(d) Evolutionary relatedness.
It is interesting to consider the sequence relatedness of the class 2 synthetases, since this might throw light on their evolution and more generally on that of the genetic code. However it is difficult to evaluate this quantitatively as it depends on the extent of sequence alignment included and on the species origin of the enzymes. If we restrict attention to the E. coli synthetases and quantify the number of amino acid identities or conservative changes as a percentage of the number of residues aligned for each pair of synthetases in Table 2 (i.e. over the putative catalytic domain), the following results are obtained. Each entry gives on the first line the percentage identity and the number of residues compared (%/Number) and on the second line, the score obtained using the Dayhoff substitution matrix (33) normalised to the number of residues compared. The latter assesses conservative changes according to classes 1 =C, 2 = S,T,P,A,G 3 = N,D,E,Q 4 = H,R,K 5 = M,I,L,V 6 = F,Y,W. The diagonal elements in italics give the comparisons between corresponding synthetases from E. coli and S. cerevisiae (ANTBM in the case of asparaginyl-tRNA synthetase). These results show that for E. coli, in class 2a, PRSEC is the closest relative to all the three other subclass members, the prolyland threonyl-enzymes being the most closely related. HRSEC and SRSEC are the most distantly related pair; indeed on purely statistical arguments they would probably be classed as unrelated were it not for the fact they are both synthetases with certain motifs in common. It is interesting to note that there is an apparent closer homology between SRSEC and HRSSC. Within class 2b, the homologies are generally higher, with DRSEC being the closest relative of both NRSEC and KRSEC.
Quantitation of the alignments between synthetases from class 2a and class 2b have not been made. This is because the crosssubclass alignments are only significant over a more limited range including mainly motifs 1, 2 and 3 which would then give an artificially high apparent homology. In any case the values need to be regarded with caution as the extent of the region of overlap differs considerably (e.g. 286-307 residues when comparing TRSEC, SRSEC and PRSEC, about 225 when comparing HRSEC with other members of class 2a and 260-300 when comparing members of class 2b).
It is also interesting to note the significant differences between extent of homology between eukaryotic and prokaryotic synthetases. The lysyl-and threonyl-tRNA synthetases are most conserved (respectively 54 and 49% identity) and the histidyland aspartyl-tRNA synthetases are the least conserved (both about 29% identity). Furthermore, results for cross-organism comparison can give higher homology than within the same organism. For example SRSEC is closer to HRSSC, than to HRSEC. Similar there is extensive homology and similarity in topology over more than 300 residues between the asparaginyltRNA synthetases and the eukaryotic aspartyl-tRNA synthetases; DRSEC has a much larger insertion between the crossover helix and strand /3A3. These observations suggest that the E. coli enzymes for histidine and aspartic acid have evolved relatively quickly.
There are three observations which suggest a relationship between E. coli glycyl-and phenylalanyl-tRNA synthetases. Firstly, both are ct^i tetramers with a close correspondence between subunit size (glycine: a 303 residues, b 689; phenylalanine: a 795, b 307). Secondly there is a significant homology between GRSECa and FRSEC/3 over about 100 residues including apparently important residues in putative strands /3A3 and /3A4 and motif 3. Thirdly, there is a small region of homology between GRSECa and FRSEC/3, which would probably not be considered significant was it not equidistant from the N-terminus in both sequences: FRSEC/3 39 TLQMTTLRELPPEERPAAGA
I I II I II II

GRSECa 40 SHPMTCLRALGPEPMAAAYV
It is however puzzling that a motif 2 cannot be identified in GRSECa.
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CONCLUSION
The alignments presented in this paper show that class 2 synthetases can be divided into class 2a, with in E. coli, the prolylenzyme as the representative member (being most closely related to each of the three other members, seryl-, threonyl-and histidyl-) and class 2b, with the aspartyl-enzyme as the representative member (being most closely related to both the asparaginyl-and lysyl-enzymes). Alanyl-tRNA synthetase is a putative member of class 2a (based on motif 3 alone), and phenylalanyl-and glycyltRNA synthetases form a related pair associated with class 2b. The strongest evidence for classification of histidyl-tRNA synthetase as a member of class 2a is homologies in the Cterminal extension to the catalytic domain (Table 3a) . Although details in the catalytic domain also suggest this classification (as mentioned in the results), it could also be argued that the histidylenzyme is intermediate between class 2a and 2b. It is not yet clear whether this sub-classification or indeed the partition of all synthetases into two major classes has any relationship with the evolution of the genetic code. However it is noteworthy that, with the exception of phenylalanine, the members of each sub-class all occupy contiguous boxes in the standard representation of the genetic code. In particular all amino acids with codons of the form XCX are members of class 2a (including alanine). On the other hand the classes of synthetases only partially correlate with the amino acid families postulated by the co-evolution theory of the genetic code (34) , which is based on amino acid biosynthetic pathways. According to this hypothesis there are two major amino acid families, both containing class 1 and class 2 members, one comprising aspartic acid, lysine, asparagine, threonine, isoleucine and methionine and the second comprising glutamic acid, glutamine, arginine, proline and histidine. However a recent publication (20) has revealed an interesting sequence homology (particularly in the region of motif 3) between the ammonia-dependent asparagine synthetase and aspartyl-tRNA synthetase which lends some support to the co-evolution theory. Both enzymes activate aspartic acid with ATP to form an aminoacyl-adenylate intermediate.
The alignments in Table 2 suggest that the putative tRNA binding domains have been added to the primordial class 2 catalytic domain either as C or N terminal extensions or insertions between the crossover helix H10 and strand /3A3. Class 2b members have evolved from a common N-termina] extension (Table 3b ) and class 2a members (except seryl-tRNA synthetase) from a common C-terminal extension (Table 3a ). In addition seryl-and threonyl-tRNA synthetases have an N-terminal extension with features in common. These observations are in accord with the hypothesis that early class 2 aminoacyl-tRNA synthetases comprised a common catalytic domain with the ability to bind ATP, an amino acid and the 3' end of early tRNAs. With the expansion of the genetic code and the evolution of tRNAs, synthetases acquired more specificity first by improved discrimination at the level of the tRNA acceptor stem and subsequently by addition of extra tRNA-binding domains capable of, for example, specific anticodon recognition.
A scenario for the evolution of modern protein aminoacyltRNA synthetases from precursors in the RNA world has been recently proposed in which it was hypothesised that the first synthetases would be those for basic amino acids (35) . Such speculation is clearly imprudent before the relationships between the modern aminoacyl-tRNA synthetases are clearly established. For one thing, the sequence analysis in reference 1 and its extension presented here show that the aminoacyl-tRNA synthetases do not exhibit such a 'puzzling diversity' as previously thought. However, without further structural information to confirm or refute the hypotheses of this paper and in particular to clarify the relationship of the three tetrameric synthetases to the seven dimeric ones, it is still too early to propose any kind of evolutionary tree for the class 2 synthetases.
Finally it is interesting to remark that the ATP binding domain, based on an antiparallel sheet, found in seryl-tRNA synthetase and by presumption in all other class 2 synthetases has not yet been found in any other nucleotide binding protein. On the otherhand the Rossmann fold characteristic of class 1 synthetases is widely found in other enzymes (9) . An important clue in the understanding of the partition of the synthetases into two classes (i.e. whether they co-evolved or which one came first?) may come when other ATP-binding proteins with an antiparallel fold are discovered.
